Indigenous forests across North
competition or predation); as a disperser of pollen, seeds, or spores of numerous or essential organisms in a community; or through its activities (e.g., browsing), which affect habitat structure or species composition (Simberloff 1998) .
Managing focal species to maintain biological diversity is problematic for several reasons, not the least of which are concerns over using a single species to reflect the well-being of an entire community or ecosystem and over selecting the appropriate species or scale (Landres et al. 1988 , Power et al. 1996 , Simberloff 1998 . Alternatively, ecologists have proposed emphasizing foundation species in managing biodiversity and ecosystem function (Angelini et al. 2011) . Foundation species are typically dominant primary producers (e.g., conifers) in an ecosystem (both in terms of biomass and influence) that play a central role in sustaining ecosystem services, such as water filtration, timber production, and carbon sequestration. Foundation species create complex habitats in which associated organisms find refuge from biological and physical stress, and they are therefore fundamental to the structure and resilience of their ecosystems (Angelini et al. 2011) .
Ecosystem management emerged as the broadscale ecological paradigm for maintaining biological diversity across federal forestlands (Kessler et al. 1992) , mostly because of W hether land-use planning will achieve the long-term goal of maintaining biological diversity is foremost among the many challenges that forest managers and conservation practitioners face (Costanza et al. 1997, Smith and Zollner 2005) . Because it is practically impossible to monitor and manage every aspect of biological diversity, a variety of approaches have been proposed whereby the presence, status, or response of a select individual species or group of focal species is used as a surrogate (Simberloff 1998) . Among these, the most widely accepted has been the indicator species concept: An indicator species is one whose presence or population responses reflect those of other species or chemical or physical changes in the environment (Landres et al. 1988) . Alternatively, maintaining viable populations of umbrella species reputedly ensures the conservation of numerous cooccurring species (Wilcox 1984) , because these focal species are frequently predators or large vertebrates that require large areas encompassing a variety of habitats (Simberloff 1998) . A keystone species has a disproportionally large effect on its community or ecosystem (Power et al. 1996) typically, as a predator regulating the population of a dominant competitor in a trophic assemblage; as prey sustaining a predator population at levels at which it is capable of reducing populations of other species in a community (through Articles theoretical and operational advantages over managing single species (Simberloff 1998) . Nevertheless, there are numerous conceptual and practical challenges to maintaining the ecological and functional integrity of entire ecosystemsmost notably, defining ecosystem health, selecting appropriate indicators, and monitoring countless elements and processes (Simberloff 1998) . Managers have had to select surrogates with which to assess environmental conditions or evaluate the responses of forest ecosystems to perturbations, because monitoring the compositional, structural, and functional aspects of entire ecosystems is impractical . The criteria for selecting surrogate species vary according to the relevant management goals, but typically, species whose populations are thought to reflect the health of an ecosystem are primary candidates (Landres et al. 1988 , Simberloff 1998 . Although there are many different perspectives on what constitutes ecosystem health, a common element of many definitions is a focus on ecological processes (the capability to perform ecological services) rather than on individual species (Simberloff 1998) . In practical terms, ecosystem health embodies myriad habitat features, trophic assemblages of plants and animals, and biological and physical processes undoubtedly too difficult or costly to measure. Arguably, organisms whose life histories include close ecological associations with a multiplicity of plants and animals across a variety of trophic levels and that are sensitive to changing ecological elements and processes at multiple scales are good candidate species, because they are thought to have a large effect on their community (Power et al. 1996) , and healthy populations indicate that most ecosystem features are functioning well (Carey 2000) . Of these species, organisms adapted to stable environments (e.g., intact old-growth forests) and that recover slowly from catastrophic perturbations are often sensitive to cumulative disturbance (Richards et al. 2002) , and therefore, their persistence in modified landscapes signals a recovery of disturbance-intolerant ecological communities , Shanley et al. 2013 .
The purpose of this article is to draw attention to the extensive conversion of forested landscapes since the European settlement of North America and to present empirical evidence in support of a thesis that the northern flying squirrel (Glaucomys sabrinus) is a model surrogate of boreal forest ecosystem health-a sentinel of ecological processes. Webster's online dictionary (http://dictionary. webster.us/sentinel) defines sentinel as "one who watches or guards; to observe the approach of danger and give notice of it." I selected the concept of sentinel because it epitomizes the desired attributes of a surrogate but also to avoid confusion with familiar terminology that may have different or multiple connotations. Herein, I make the case that the life history of the northern flying squirrel is linked to ecological processes across multiple spatial scales that facilitate obligate symbiotic relationships of foundation species; support populations of umbrella species; reveal habitat occupancy thresholds for species with habitat area requirements; and ensure connectivity among elements of dynamic, fragmented landscapes.
The legacy of European settlement
European settlement caused dramatic transformations of landscape composition and structure across North America (White and Mladenoff 1994) , especially of the type, amount, and distribution of forest cover (Sisk 1998 , Cole et al. 2003 . For example, changes occurred to the forests of the Great Lakes region during the 150 years prior to 2000 that were far greater than any changes recorded over the preceding millennium (figure 1). These changes are attributed to shifts in land use following the European settlement of the region (Sisk 1998) . The total forest cover in the region declined more than 40% (Cole et al. 2003) in that time. All but 39% of the North American forests have undergone a change in major landcover classification since European settlement.
Transformations have not been uniform among forest types or across regions (Sisk 1998) . Coniferous forests experienced the greatest relative change, with a vast majority of the pine (Pinus spp.) and boreal forests in the United States and Canada converted to farmland or young forests (Sisk 1998) ; 70% of forestlands were either under active management or allocated for timber production. The forest cover in northern Wisconsin changed during the 120 years following European settlement (in the 1860s) from landscapes dominated by old-growth hemlock (Tsuga canadensis) to predominantly second-growth forests; eastern hemlock has been almost completely eliminated from the landscape (White and Mladenoff 1994) . Broadscale logging of old forests was the dominant disturbance process, and young, lessdeveloped forest communities dominated the landscapes by the early 1930s. Similarly, landscapes in the Cascades ecoregion of the Pacific Northwest were increasingly influenced by timber harvesting following European settlement in the mid-1800s (Wallin et al. 1996) . Between 1973 and 2000, the 
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air and water quality, and attenuation of ecological services (Costanza et al. 1997) , especially in the context of climate change (Ford CR et al. 2011) . Habitat loss or fragmentation is widely regarded as a major threat to biological diversity (Reed 2004 ), implicated as a causal factor in declines of 83% and 89% of all threatened birds and mammals, respectively (Pereira et al. 2004) . The most immediate consequences affect organisms that depend on old-growth forest conditions (Richards et al. 2002) or that have habitat area requirements (Wilcove et al. 1986 ). Of particular concern is maintaining the minimum-or ecologically effectivedensity (sensu Soulé et al. 2003) of focal species to fulfill essential roles in ecosystem processes (Carey 2000) . For many species, fragmentation causes population declines beyond those expected solely from the total area of habitat loss (Fahrig and Merriam 1985) because of critical thresholds in their responses to landscape structure (With and Crist 1995) .
Portrait of an ecosystem sentinel
The northern flying squirrel is a common arboreal rodent of boreal and montane coniferous forests of North America (Smith 2007) . Its range (figure 2) extends south along areal extent of landcover change was 24.6% (about 12,000 square kilometers), which was among the highest of the western ecoregions (Sorensen 2011) . Reforestation has produced a more uniform forest structure while creating more fragmented landscapes relative to stand age. An expected outcome of continued short-rotation monocultures that accompany intense production forestry (Carnus et al. 2006) are landscapes that become increasingly homogeneous (White and Mladenoff 1994) . Indeed, land use following European settlement has brought about the simplification of ecological communities, with a marked shift in species composition across most regions and forest biomes (Alig et al. 2000) . Managed forests usually lack the essential attributes needed to promote wildlife diversity, such as large trees, snags, decaying downed wood, and tree species diversity (Risser et al. 2000) , and they are more susceptible to harmful insects (Jactel et al. 2005) , diseases (Pautasso et al. 2005) , and catastrophic disturbances (Parker et al. 2006) .
The long-term environmental implications of humancaused landscape transformations are pervasive and include the profound negative ecological and economic consequences of broadscale alteration of forests, forest fragmentation, and habitat loss on biological diversity, diminishing 
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the Appalachian Mountains in the East and the Rocky Mountain and Sierra Nevada ranges in western North America ( Wells-Gosling and Heaney 1984) . It is active year round, in air temperatures as low as -26 degrees Celsius, and is primarily nocturnal, but it adjusts the timing and duration of its activity according to the onset of darkness and changes in air temperature (Smith 2007) . It has several life-history traits typical of species that evolved to be competitive in populations approaching carrying capacity (MacArthur and Wilson 1967) : It inhabits a stable habitat; is relatively long lived (at least 7 years); has delayed development, which delays age at first reproduction; is a seasonal breeder, with small litters (an average of two to three young) after a relatively long (37-42 days) gestation (Smith 2007) ; and undergoes density-dependent population growth (Fryxell et al. 1998 , Lehmkuhl et al. 2006 .
The northern flying squirrel has been considered a keystone species because of its role in facilitating an obligate ecological relationship between mycorrhizal fungi and dominant canopy tree species (Maser and Maser 1988) . The squirrel feeds on truffles and deposits fecal pellets with fungal spores and nitrogen-fixing bacteria across the forest floor (Maser and Maser 1988) . The spores germinate and contribute new genetic material to existing fungal colonies or establish new colonies. Mycorrhizae enhance trees' ability to absorb water and nutrients, and trees are the fungi's primary source of energy. Thus, the northern flying squirrel facilitates a symbiotic mutualism that contributes to revitalizing its forest habitat and a staple food source (Maser and Maser 1988) . In some forest communities, a variety of small mammals may consume fungal sporocarps and deposit spores (Pyare and Longland 2001) , but interspecific differences in patterns of fungal consumption, coupled with differences among consumers in habitat use, mobility, and digestive physiology suggest that mycophagous small mammals disperse fungi in ecologically nonredundant ways. Nevertheless, the northern flying squirrel consumes the greatest variety of truffles (Pyare and Longland 2001) , and in forest ecosystems with a depauperate small mammalian fauna (e.g., island archipelagos), it often represents the primary vector of spore dissemination and is responsible for inoculating the young forests that develop after a catastrophic disturbance (Smith 2007 , Flaherty et al. 2010a .
The northern flying squirrel also relies on old-growth forests for cavities (Pyare et al. 2010 ) and structural elements to facilitate its specialized locomotion (Scheibe et al. 2007) . Females depend on cavities as natal dens for successful reproduction (Smith 2007) . Essential structural features include high canopies and relatively open under-and midstory layers that provide high launch points and unobstructed gliding space and that allow longer glide distances and increased energetic savings (Scheibe et al. 2006) . Canopy removal from natural (e.g., catastrophic fire) or humancaused (e.g., clearcut logging) broadscale disturbances eliminates those habitat features, which compels the northern flying squirrel to use external nests (dreys) for denning or to move greater distances to find cavities (Smith 2007 , Pyare et al. 2010 and to use energetically more expensive quadrupedal locomotion to move across modified landscapes (Flaherty et al. 2010b) .
During the past three decades, this species has received considerable attention, especially in the Pacific Northwest, where it is recognized as essential prey throughout much of the range of the endangered northern spotted owl (Strix occidentalis caurina; Carey et al. 1992) . It is also important prey for small carnivores, such as the American marten (Martes americana), whose population growth rate varies directly with densities of northern flying squirrels (Fryxell et al. 1998 ). Many old-forest conditions required to meet the life-history needs of the northern flying squirrel are also essential habitat features of their forest-obligate predators (nesting cavities of spotted owls, coarse woody debris for access to prey in subnivean environments by American marten). New protocols to manage forests to ensure welldistributed and viable populations of northern flying squirrel inform land-use policy across millions of hectares (ha) of forestlands in Oregon and Washington (Aubry et al. 1999) and Southeast Alaska , Shanley et al. 2013 ). The fundamental questions underlying much research have been the suitability of the northern flying squirrel as an indicator of intact coniferous forest communities ) and whether its habitat is an emergent property of old-growth forest (Carey et al. 1999 , Carey 2000 . Over the years, the findings of numerous experimental studies have been inconsistent and contradictory, with several investigators reporting minimal if any negative effects of forest management on northern flying squirrel populations. More recently, however, a meta-analysis of 14 studies among a variety of forest types across this species' range confirmed the association of northern flying squirrels with mature, uncut forest and its suitability as an ecological indicator of those forest types (Holloway and Smith 2011) .
The autecology of the northern flying squirrel varies among forest biomes and ecological communities , Flaherty et al. 2010a , and some dimensions of its realized niche may become narrower as the species richness of small mammalian faunas increases (Smith 2007) . Four potential limiting factors have been proposed: predation, food, dens, and competition (Wilson 2010) . A fifth, related to landscape structure, influences the interaction of populations in separate habitat fragments through dispersal . Functional connectivity, not habitat quantity and quality within isolated fragments (Smith and Person 2007) , may ultimately determine population viability in managed landscapes .
Therefore, broadscale changes in native forest vegetation affect ecological communities, with immediate and long-term negative consequences for the abundance and distribution of the northern flying squirrel through altering its autecology and interspecific relations (Smith 2007 ) and through interrupting essential demographic processes (e.g., dispersal) and disrupting interpopulation dynamics ).
Northern flying squirrels have an acute sensitivity to disturbance, responses to which manifest at multiple spatial scales ranging from a few square meters to entire physiographic provinces (Smith 2007) . When landscape transformations remain unchanged over longer-term ecological or geological temporal scales, local populations become extirpated (Smith and Person 2007) , their geographic range shifts or shrinks, and relict populations become increasingly vulnerable to further broadscale disturbances (Arbogast 2007) . For these reasons, northern flying squirrel populations are sensitive to changing landscapes in the boreal or montane coniferous forests of North America; they are sentinels of ecological processes. The empirical evidence from my research and the findings of other investigators support this viewpoint. Various aspects of the life history of the northern flying squirrel reveal changes in habitat composition or structure and associated ecological processes at multiple spatial scales, with negative consequences for interspecific relationships or entire ecological communities.
Habitat
The northern flying squirrel occupies a broad range of habitats (Wells-Gosling and Heaney 1984), mostly coniferous forests, but it can occur in deciduous forests and is common in mixed coniferous-hardwood forests , Smith 2007 . Landscape or overstory composition can influence its probability of occurrence, population density, and persistence.
Regional distributions. In the temperate rainforests of Southeast Alaska, about 75% old-growth forest cover is required within 1-square-kilometer (1000 × 1000 meter [m]) portions of landscapes to achieve a .5 probability of northern flying squirrel occurrence (figure 3). In mixed forests, the predominance of conifers is a significant correlate of habitat use (Holloway and Malcolm 2007) and explains as much as 70% of the variation in occupancy among central Appalachian forests (Ford WM et al. 2004) . Furthermore, the distribution of the northern flying squirrel in this region is naturally disjunct; the species occurs as relict populations of two endemic subspecies among islands of red spruce (Picea rubens)-dominated montane coniferous forests that were restricted to higher elevations following post-Pleistocene climatic shifts and glacial retreat (Payne et al. 1989) .
Future distributions of the northern flying squirrel may be determined by factors associated with regional land use and climate change (Garroway et al. 2010 ), especially at the southern limits of its range (Bowman et al. 2005) . Typically, modified landscapes return to indigenous forest types through ecological succession, but climate change may retard or interrupt ecological processes that reestablish communities following broadscale disturbance (Schuler et al. 2002) . In the Appalachians, forests dominated by red spruce have been reduced by 90% because of extensive logging and widespread fire (Ford WM et al. 2004 ). Coniferous forests have been severely degraded, and this degradation has facilitated the expansion of oak (Quercus) and hickory (Carya) to higher elevations (Schuler et al. 2002) . Although ecotones between coniferous and hardwood forests are considered optimal habitat for endemic populations of northern flying squirrels in the region, continued disturbance and global warming will replace conifer-dominated stands with hardwood forest communities and will further reduce, fragment, and isolate populations (Weigl 2007) . Native montane coniferous forest communities of red spruce, eastern hemlock (Tsuga canadensis), and Fraser fir (Abies fraseri) are considered among the most threatened forested ecosystems in the United States (Schuler et al. 2002) .
Coincidental with recent climate change, the range of the southern flying squirrel (Glaucomys volans)-an intense competitor of northern flying squirrels and vector of a pathological nematode (Weigl 2007 )-has expanded northward (Bowman et al. 2005) and to higher elevations in more southern latitudes with concomitant declines in northern flying squirrel populations (Weigl 2007) . Another consequence of the northward range expansion by the southern flying squirrel has been increased direct contact with northern flying squirrels and climate-induced hybridization (Garroway et al. 2010) . As more landscapes in the southeastern portions of the northern flying squirrel range experience changes in landcover or shifts in forest composition, Articles as large trees, decayed down wood, and multilayered forest canopies (Carey et al. 1999 ). In the Pacific Northwest, the northern flying squirrel occurs in some of the most diverse arboreal rodent communities found within its range, and its habitat is considered an emergent property of old-growth forests (Carey 2000) . Both population density and capture probability among microsites vary directly with a suite of multivariate factors, such as decadence, which is positively correlated with the density of large snags and fallen tree cover across the forest floor, or crown class diversification, which is directly correlated with large-diameter trees (more than 50 centimeters), herbaceous cover, midstory cover, and foliage height diversity (Carey et al. 1999) . Therefore, the squirrel's optimum habitat in Pacific Northwest forest communities is the synergistic outcome of essential attributes or conditions occurring coincidentally in a forest patch approaching the spatial scale of a northern flying squirrel's home range (macrohabitat).
In Southeast Alaska, the small mammalian fauna is depauperate (Smith 2012) , and suitable habitat for the northern flying squirrel is not limited to a unique suite of old-growth forest features, because individual variables are equally effective as multivariate factors in explaining variation in population density and microhabitat use ); 77% and 65% of the variation in spring and autumn population density are explained by the volume of decayed down wood on the forest floor and the density of large-diameter trees (i.e., those more than 74 centimeters), respectively (Smith et al. 2004 ). The odds of capturing a flying squirrel in autumn increase almost twentyfold with each incremental increase in density of 10 large trees per ha. A similar relationship between large trees or snags and flying squirrel abundance has been reported in both xeric (Lehmkuhl et al. 2006 ) and mesic (Carey 1995 , Gomez et al. 2005 forests of the Pacific Northwest and in mixed forests of eastern North America (Holloway 2006) . The abundance of the northern flying squirrel also varies directly with increasing amounts of coarse woody debris across the forest floor (Carey et al. 1999) , which is, itself, correlated with the presence of fungal communities (Smith 2007 ) and truffle abundance (Loeb et al. 2000 , Gomez et al. 2005 , Lehmkuhl et al. 2006 .
Throughout the range of the northern flying squirrel, the most reliable predictor of microhabitat use or positive correlate of population density is the presence or density of large trees or snags, which varies with the availability of tree cavities (Smith 2007 , Pyare et al. 2010 . The northern flying squirrel builds dreys of twigs among branches, but females depend on tree cavities as nest sites to rear their young (Smith 2007) ; both the density of reproductive females and population density vary directly with the availability of cavities (Smith et al. 2004 , Smith 2012 . Still, the relative use of cavities varies among and within regions and seems to be influenced by the diversity of small mammal communities (Smith 2012) or factors that affect the suitability of nest trees (e.g., diameter), nest sites (e.g., canopy structure), macrohabitats (e.g., proximity to food resources), or disturbance a greater proportion of regional populations will become fragmented and isolated, southern flying squirrel populations will expand, and the quality of the remaining habitat will further decline (Weigl 2007) . At more northern latitudes, climate change might facilitate the migration of boreal forest northward, but it is uncertain whether the northern flying squirrel could shift its range to higher latitudes. The continued presence of the northern flying squirrel in contemporary and changing landscapes at lower latitudes confirms the existence of relict boreal or montane coniferous forest communities (Smith 2007 . Nevertheless, population declines below ecologically effective densities are likely to have consequences for the long-term persistence of northern flying squirrel populations and the ecological communities with which they interact (Maser and Maser 1988 , Smith 2007 , Weigl 2007 .
In western North America, coniferous forests are less fragmented. Still, there are several isolated, relict populations of northern flying squirrel in the Black Hills and at the southern limit of the squirrel's range in the Rocky Mountains and San Bernardino Mountains of southern California (Wells-Gosling and Heaney 1984, Smith 2007) . Western landscapes underwent substantial modification following European settlement but for shorter periods and over smaller portions of the northern flying squirrel's range. The consequences of climate change to ecological succession or patterns of forest cover might not seem as apparent as in eastern North America, but the projected redistribution of climates because of global warming is substantial, with subboreal and montane climate regions in British Columbia, for example, disappearing rapidly (Hamann and Wang 2006) . Moreover, history has demonstrated that interactions between disturbance and climate change can accelerate and exacerbate changes in landcover and forest communities (Ford WM et al. 2004) , which could limit the distribution of the northern flying squirrel (Smith 2007) . Although broadscale replacement of coniferous forest types from climatic shifts is probably not imminent, a continued warming trend could affect forest composition and structure significantly and shift landscapes toward more xeric forest types, with consequences for forest communities (Hamann and Wang 2006) and profound repercussions for the distribution of the northern flying squirrel in western North America, especially at the southern extent of its range (Smith 2007 ).
Macro-and microhabitat relations. Regardless of forest type, populations of the northern flying squirrel are most numerous in old-growth or mature, uncut forests Nichols 2003, Holloway and . Population density varies across its range and among forest types or ecological communities within a region (Wilson 2010 )-in some circumstances, by as much as an order of magnitude (Smith 2007) . The abundance of the northern flying squirrel is typically determined by the presence or absence of habitat features or conditions common in older forests, such Articles realized food niche of the northern flying squirrel appears relatively narrow, because the squirrel's diet is highly specialized (Smith 2007) . Furthermore, the squirrel seems to rely on fungi-mostly truffles (population density [Gomez et al. 2005] , survival, and recruitment [Lehmkuhl et al. 2006] vary directly with truffle abundance). Movements (Gomez et al. 2005) , patterns of habitat use at multiple spatial scales (Ford WM et al. 2004) , and core areas of frequent use (Smith 2007) suggest that the northern flying squirrel tracks the short-term temporal and spatial dynamics of truffle fruiting bodies.
The extent to which the northern flying squirrel relies on truffles in other forest ecosystems across its range is uncertain, but in the temperate, coastal rainforests of Southeast Alaska, its diet departs substantially from that reported in the Pacific Northwest, especially the abundance and diversity of truffles (Flaherty et al. 2010a ). colleagues (2004, 2005) concluded that the ecology of northern flying squirrels in Southeast Alaska differed in important ways from that of the populations in the Pacific Northwest, citing, specifically, a weaker relationship between old-forest structure and the probability of capture among microsites and population density across macrohabitats. Less apparent predation and less interspecific competition because of a depauperate small mammalian fauna (Smith 2012 ) are likely to facilitate a more generalist lifestyle in Southeast Alaska (Smith 2007) that includes a varied diet (Flaherty et al. 2010a ). The northern flying squirrel also apparently depends less on truffles in the eastern portion of its range (Vernes et al. 2004 ), but its distribution is correlated with-if not dependent on-the distribution and abundance of fungal communities. In the lower Appalachian Mountains, truffles are more abundant at higher elevations or on northerly aspects, where spruce-fir or mixed spruce-fir-hardwood forests predominate (Loeb et al. 2000) and where the probability of occurrence and the abundance of northern flying squirrels are greater (Ford WM et al. 2004 ). Smith and colleagues (2005) argued that the close association of northern flying squirrels with oldgrowth forest in the Pacific Northwest was a consequence of their highly specialized diet and reliance on fungal communities-probably an ecological response to intense interspecific competition from a diverse arboreal rodent community (Smith 2007) . Nonetheless, fungi prefer cool, wetter microenvironments with relatively large amounts of decayed logs across the forest floor and, therefore, typically achieve their greatest abundance and highest diversity in old-growth forests (Carey et al. 1999 , Loeb et al. 2000 , Smith 2007 ). Sites where the forest canopy has been removed (clearcuts) and developing young forests have fewer truffles and other fungi than do old-growth forests (Flaherty et al. 2010a ).
Landscape structure and processes
Habitat fragmentation is a less obvious but often equally harmful outcome of land use and development (Fahrig and Merriam 1985 , Wilcove et al. 1986 , Reed 2004 ). An history of the landscape (Smith 2007 , Pyare et al. 2010 . In forest communities with red squirrels (Tamiasciurus hudsonicus), the northern flying squirrel's relative use of dreys is higher, and its juvenile recruitment and its reproductive female and population densities are lower (Smith 2012) . Northern flying squirrels in boreal or younger forests often use dreys because trees are too small to have cavities large enough to allow communal denning during winter (Smith 2007) . Nest sites in eastern forests often occur on cooler, more mesic sites, such as in spruce stands, on northern slopes, or in areas with large amounts of downed wood (Payne et al. 1989 ), all of which are favorable conditions for higher decay rates and fungal growth (Loeb et al. 2000) . In the central Appalachians, nests are often located within 100 m of the ecotone between pure conifer and mixed northern hardwood-conifer stands. A preference for mesic to wet conditions also occurs in western coniferous forests, especially xeric forests, where truffle abundance, biomass, and species composition are highest; the distance from streams is a reliable predictor of occupancy (Smith 2007) .
In landscapes fragmented by extensive clearcut logging, northern flying squirrels continue to select the largestdiameter trees or snags for denning, but adults and juveniles exhibit different patterns of use (Pyare et al. 2010) . The juveniles use fewer dens, and their core areas of use are an order of magnitude larger than those of populations in less fragmented habitat; females travel greater average and maximum distances between successive den localities. At the broader scale, northern flying squirrels choose den locations in neighborhoods with higher volume (tall, large-diameter trees) forests and less fragmentation than is available across the landscape.
There are multiple benefits of using cavities over external nests (Smith 2007 , Pyare et al. 2010 . Because cavities are more resistant to wind and precipitation, they are thought to provide a superior thermal environment to stick nests. Throughout coastal regions, where annual precipitation is relatively high and mostly rainfall, northern flying squirrels primarily use cavities year round, presumably to reduce the risk of hypothermia, which seems to be a major cause of mortality of individuals exposed to wet conditions. Cavities also facilitate communal nesting, which provides added energy savings, especially during extremely cold winters (Smith 2007) . Cavities ostensibly provide better protection against predators, which probably explains why females use cavities exclusively for denning during parturition and for rearing young (Smith 2007 , Pyare et al. 2010 ).
Diet
The fundamental food niche of the northern flying squirrel seems quite broad, and the squirrel's diet can include a wide range of plant and animal items that change with availability . Its diet varies depending on geographical region, ecological community, habitat, and season (Flaherty et al. 2010a ). In the Pacific Northwest (which has a diverse arboreal rodent community; Carey 1995), the Articles smaller populations in isolated habitat patches experiencing less environmental uncertainty are likely to persist longer than populations in larger (by an order of magnitude) reserves in which habitat conditions or other factors cause greater demographic variability, such as habitats experiencing climate change near the periphery of a population's geographic range. Consequently, the persistence of northern flying squirrel populations in fragmented landscapes will require subpopulations to interact freely through dispersal (Fahrig and Merriam 1985, Smith and Person 2007) .
Knowledge regarding northern flying squirrel dispersal is limited (Smith 2007) to mostly how habitat and landscape structure influence locomotor ability or performance (Scheibe et al. 2006 , Flaherty et al. 2008 ). There are accounts of northern flying squirrels moving several kilometers over relatively short time periods (Wilson 2010 ), but little is known about their long-distance movements (Smith 2007 ). In the Pacific Northwest, adult males evidently move long distances in search of mates (Wilson 2010) . Nevertheless, for decades following harvest, large clearcuts and dense, young second-growth forests are barriers to northern flying squirrels searching for females or undergoing natal dispersal (Wilson 2010) . In Alaska's coastal rainforest, males during the breeding season (Pyare and Smith 2005) and juveniles dispersing from putative natal areas undergo daily movements of several kilometers.
The principal determinants of successful dispersal include the perceptual range (the maximum distance an animal can perceive suitable habitat), the cost of transport, food availability, and the risk of predation (Flaherty et al. 2008 (Flaherty et al. , 2010a (Flaherty et al. , 2010b . The perceptual range influences the likelihood of a successful dispersal in at least three ways: First, it determines whether an individual will attempt to move through unfamiliar habitat-that is, whether it will leave its natal area (for juveniles) or resident home range (for adult males). Second, it ultimately determines the energetic costs of moving through a landscape, both in terms of the energy expended for transport and in terms of the total migration immediate consequence of habitat fragmentation is the fracturing of wildlife populations into subpopulations distributed among smaller, residual habitat patches , Shanley et al. 2013 ). Disjunct population segments may assume characteristics of patchily distributed populations, metapopulations (separate but interactive subpopulations), or island populations, depending on the size and quality of the patches and on the dispersal and connectivity between them Person 2007, Smith et al. 2011) . Small patches (i.e., less than 40 ha) generally do not have resident northern flying squirrels (Smith and Person 2007 , Shanley et al. 2013 . Empirical evidence suggests that the population dynamics of a wide range of wildlife species in fragmented landscapes resemble a pattern of stochastic local extinctions and recolonizations . Therefore, for wildlife populations to persist in heterogeneous landscapes, individual habitat patches must be large enough to provide for viable subpopulations (Smith and Person 2007) or the juxtaposition of suitable habitat must allow for interpatch migration for the colonization of patches that become vacant from localized extinctions ). In the latter scenario, landscape connectivity (the degree to which the landscape impedes movement among resource patches) is a critical feature that largely determines the species' distributions and persistence (Fahrig and Merriam 1985) .
The evidence from temperate rainforests of Southeast Alaska suggests that populations of northern flying squirrel require very large (250,000 ha) reserves of optimum habitat to sustain isolated populations over long periods (100 years) with a high level of confidence (i.e., over .95; see table 1). The results of demographic analyses and simulation modeling suggest that populations within isolated, small habitat fragments (i.e., 50 ha or less) have less than an 85% chance of persisting for 25 years. Interestingly, the variability in the intrinsic rate of growth has a more profound effect than does population size on the probability of persistence in isolated habitat reserves (Smith and Person 2007) . Therefore, Articles landscape element. Therefore, the effective dispersal distance of a 500-m-wide (20 ha) clearcut separating two habitat patches is 5000 m (500 m ÷ 0.1), because the movement rate of the northern flying squirrel in clearcuts is 0.1 that of its movement rate in old-growth forests Smith 2005, Smith et al. 2011) . In the managed rainforests of Southeast Alaska, the proportion of juveniles that chose to disperse from their natal area is inversely related to their effective dispersal distance ( figure 5) and the probability of dispersal approaches zero for effective distances greater than 1 kilometer. Because the distribution of old-growth reserves during the study averaged 5 kilometers or more, at least 50% of the reserve network was not functionally connected ). The energy costs for squirrels of moving through managed forestlands is a function of landscape composition, the direct costs of transport (gliding or quadrupedal locomotion), the total time required to move from its natal area to a new home range, and the availability of food resources to replenish expended energy (Flaherty et al. 2010a (Flaherty et al. , 2010b . Northern flying squirrels reduce travel time and realize a direct energetic saving when they glide more than 15 m because of a 2:1 glide ratio; that is, the distance traveled along the horizontal plane during a glide is two times the vertical decline (Scheibe et al. 2006) . Skeletal adaptations for climbing, leaping, and landing and the development of a gliding membrane (Scheibe et al. 2007 ) have also made the northern flying squirrel less suited for running and have increased the cost of quadrupedal locomotion by more than 50% (Flaherty et al. 2010b) .
In Southeast Alaska, the type and abundance of food resources of the northern flying squirrel vary among landscape elements in managed forestlands (Flaherty et al. time. Individuals that approach the edge of a new clearcut or young forest must choose to move either through the unfamiliar habitat or along the edge around it. Both decisions result in a greater expenditure of time and a greater cost of transport than moving through old-growth forests (Pyare and Smith 2005 , Scheibe et al. 2006 , Flaherty et al. 2010b . Northern flying squirrels in managed forestlands of Southeast Alaska have an estimated perceptual range of 50 m or less in young forests (those less than 25 years old) and 200 m or less in new clearcuts (those less than 5 years old; Flaherty et al. 2008) . The lengths and numbers of straight-line movements in young forest suggest that individuals spend considerably more time searching for clues to guide them toward suitable forest habitat than do individuals moving through clearcuts. The choice to move through unfamiliar habitat can also ultimately determine survival through its influences on the availability of food resources (Flaherty et al. 2010a ) and the risk of predator attack (Clarkston et al. 2011) .
Travel time (Pyare and Smith 2005) and the type and cost of transport (Flaherty et al. 2010a (Flaherty et al. , 2010b ) vary substantially among landscape elements. In the southern Appalachians, typical movement rates in mature forests are 1080-1440 m per hour for males and 1008 m per hour for females (Smith 2007) . In Southeast Alaska, the average movement rate (0.5 m per minute) through recent clearcuts (those less than 5 years old) is an order of magnitude slower than that in old-growth forest, which is twice as fast as that in young, second-growth forests (figure 4). Effective movement rates indicate the permeability of landscape elements to northern flying squirrel movements and ultimately determine its effective dispersal distance . Effective dispersal distance can be estimated as the Euclidian distance between habitat patches divided by the relative movement rate through the intervening Articles local populations will provide valuable insights regarding fundamental aspects of intact boreal or montane coniferous forest communities, such as forest composition and structure, the abundance and diversity of fungal communities, the presence or absence of predators or obligate symbionts, and landscape condition. More in-depth studies of diet, den use, and demography will add information about the composition, diversity, and trajectory of ecological communities. Equally important is the role that populations of northern flying squirrels can play in the restoration of forest communities and landscapes, both as indicators of essential habitat or landscape conditions and as ecological engineers following their recolonization of previously unoccupied fragments.
Consider that forest managers select from a number of available silvicultural systems and procedures (e.g., thinning) to achieve various objectives, the majority of which are directed at enhancing timber products. The outcomes of forest management actions may or may not facilitate the development of second-growth forest toward forest conditions conducive to the reestablishment of indigenous forest communities. For example, developing young forests that have the entire canopy removed prior to the establishment of old-forest conditions do not support viable populations of northern flying squirrels. Still, active management of young forests can expedite the development of forest structural conditions (e.g., tree density and height) that facilitate the movement of dispersing juveniles or of adult males searching for females. Without active management, landscapes with a preponderance of young, developing forest will be impermeable to northern flying squirrel movements for much longer periods.
Forest management can also hasten the development of young forest toward old-forest conditions that will support breeding populations of northern flying squirrels. More important, silviculturists with an understanding of those prerequisite conditions can implement management prescriptions that will ensure the inclusion of essential elements and processes and achieve a timber product objective that will mitigate the costs of habitat and landscape restoration. Thus, knowledge of the life history and ecology of the northern flying squirrel can inform prudent management of timber production forests to sustain viable wildlife populations, guide efforts to restore forest communities and landscapes, and provide insights regarding the consequences of climate change on indigenous boreal or montane coniferous forest communities. The establishment and persistence of populations of northern flying squirrels will confirm the effectiveness of management or restoration programs in sustaining or reestablishing indigenous boreal or montane coniferous forest communities throughout the United States and Canada. As sentinels, they will give notice of pernicious change.
Acknowledgments I thank scores of field assistants and collaborators who contributed to my research, especially Jeff Nichols, Elizabeth 2010a). Conifer seeds, lichens, and fungi are the main dietary items consumed and assimilated by northern flying squirrels on Prince of Wales Island, all of which are significantly more abundant in old-growth forest than in secondgrowth or clearcut forests. It is reasonable to expect that search time also varies among landscape elements, although relatively little is known about the foraging behavior of the northern flying squirrel Longland 2001, Smith 2007) . Certainly, search times are going to be greater in unfamiliar habitat than in an individual's natal area. What little evidence exists suggests that the northern flying squirrel relies on experience, possibly memory and cognitive mapping, and structural features to identify foraging sites. Nonetheless, additional time searching for food resources will almost certainly contribute to an energy deficit and will increase the risk of predation. Preliminary experimental data suggest that the risk of predator attacks also varies among landscape elements in Southeast Alaska: There is a trend of increasing attacks, with the fewest in old-growth forest, followed by second-growth forest and then clearcuts (Clarkston et al. 2011) .
Ecological monitoring and restoration
The northern flying squirrel is a member of ecological communities across roughly two-thirds of the forested landscapes in Canada and the United States. Its contemporary distribution reflects major geological events and climate shifts that followed the post-Pleistocene glacial retreat and environmental changes, as well as ecological processes since European settlement. Its life history and ecology are inexorably linked to old-growth forest symbionts or habitat features and conditions at multiple spatial scales, each of which satisfy critical life history needs or facilitate essential ecological processes. At a fine scale, the northern flying squirrel facilitates the life cycle of the forest in which it lives and the propagation of staple food resources shared by other members of the ecological community. The population dynamics of disturbance-sensitive, forest-obligate mammalian and avian predators depend on northern flying squirrel populations and essential elements of its forest habitat. At a broader scale, successful reproduction by the northern flying squirrel confirms the presence of structural features (e.g., cavities) critical to the life history of other members of its ecological community. Northern flying squirrels renew or establish new fungal communities and inoculate young, developing forests with epiphytes, fungi, or other ecologically important organisms. Because of the northern flying squirrel's unique mode of locomotion and its constraints, landscapes that are functionally connected for it are also permeable to most (if not all) nonvolant vertebrates in forest communities. In short, the persistence of the northern flying squirrel affirms the existence of essential ecological components and processes typical of healthy montane or boreal coniferous forest ecosystems.
The northern flying squirrel serves as a sentinel in several important ways. Arguably, status surveys or monitoring of
